Introduction
============

Therapeutic nanoliposomes (LPs) are lipid bilayer structures with a hydrophilic core and a lipophilic bilayer space for drugs; this space is segregated from the environment by a hydrophilic corona, usually containing polyethylene glycol (PEG). This hydrophilic PEG corona prevents recognition by macrophages and enables long-term circulation in the bloodstream.[@b1-ijn-12-1673]--[@b3-ijn-12-1673] The size of LPs (10--100 nm) permits their extravasation and accumulation in tumor sites -- known as the enhanced permeability and retention effect.[@b4-ijn-12-1673]--[@b7-ijn-12-1673] Passive targeting is based on pathophysiological characteristics unique to solid tumors, such as hypervascularity, irregular vascular architecture, potential for secretion of vascular permeability factors, and the absence of effective lymphatic drainage that prevents efficient clearance of macromolecules. Active targeting is mainly based on the specific binding of receptors to ligands.[@b8-ijn-12-1673]

Physiological obstacles have precluded oral administration of LPs for hepatic targeting. To increase intestinal uptake, LPs can be conjugated with various ligands, including bioadhesives (eg, poly \[lactic acid\]),[@b9-ijn-12-1673] P-glycoprotein (P-gp) pump inhibitors (eg, D-α-tocopheryl PEG succinate),[@b10-ijn-12-1673] vitamins[@b11-ijn-12-1673]--[@b14-ijn-12-1673] (eg, biotin, folic acid, and vitamin B12), and transferrin.

Cholic acid receptor-mediated nanoparticle drug delivery systems have frequently been reported as oral hepatic drug delivery systems because of oral hepatic targeting properties of cholic acid[@b15-ijn-12-1673]--[@b19-ijn-12-1673] and because of their ability to maintain the structural integrity in the process of physiological disposition. Therefore, it is vital to understand the related mechanisms. Currently, studies on the transport mechanism have mostly focused on the uptake pathway and partially on the intracellular trafficking of nanoparticles in different cell types. For hepatic targeting, nanoparticles need to pass from the apical (AP) membrane to the basolateral (BL) side of the gastrointestinal epithelial cells, enter the blood circulation, and diffuse into liver cells. Consequently, to elucidate the molecular mechanisms underlying nanoparticle oral hepatic targeting, it is crucial to comprehensively understand the entire gastrointestinal epithelial cell transport, blood circulation, and liver cell uptake process, especially because the roles and pathways in different steps of the process may vary.

We had previously constructed a modified distearoyl phosphatidylethanolamine (DSPE)--PEG--cholic acid LP system loaded with doxorubicin (DOX)·hydrochloric acid (HCl) (CA-LPs--DOX·HCl),[@b20-ijn-12-1673] which had the advantages of ease of synthesis, low cytotoxicity, and good safety for biomedical and pharmaceutical applications. To investigate its effectiveness in oral hepatic targeting and explain the possible underlying mechanisms thereof, we studied the release behavior and stability in vitro using gastrointestinal fluid and a CA-LP system loaded with DOX·HCl. We used the human colon carcinoma cell line, Caco-2, as an epithelial cell model to investigate the transport of LPs across the epithelial cell monolayer, because the Caco-2 system is one of the most extensively utilized assays for the assessment of permeability and it possesses many enterocytes that can express various efflux transporters, microvillar transporters, hydrolases, and conjugation enzymes, and can also display brush border region and cell tight junctions. A permanent hepatoma carcinoma cell line, HepG2, was used to investigate the uptake of LPs by hepatocytes, because it is liable to culture and can express the Na^+^/taurocholate cotransporting polypeptide (NTCP) receptor. Fluorescence resonance energy transfer (FRET) and fluorescence co-localization were used to monitor and study the transport across the epithelial cell monolayer and hepatic uptake of the CA-LP system.

Methods
=======

Materials
---------

DSPE--PEG--cholic acid was synthesized in our laboratory (batch number: 150830). Soybean phospholipids (SPC) were purchased from Lipoid (Ludwigshafen, Germany). Cholesterol, Hoechst 33258, sodium azide, genistein, methyl-β-cyclodextrin (MβCD), nystatin, and chlorpromazine were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). 3,3′-dioctadecyloxacarbocyanine perchlorate (DIO) and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DII) were purchased from Beijing Fanbo Biochemicals Co. Ltd. (Beijing, China). Fetal bovine serum (FBS) was purchased from Gibco (Grand Island, NY, USA). Minimum Essential Medium/Hanks' Balanced Salt Solution and Roswell Park Memorial Institute 1640/Hanks' Balanced Salt Solution were purchased from HyClone (Logan, UT, USA). Penicillin--streptomycin was purchased from Invitrogen (Grand Island, NY, USA). Parenzyme was purchased from Gibco (Grand Island, NY, USA). Caco-2 and HepG2 cell lines were purchased from Cell Resource Centre, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences (CAMS, Beijing, China).

Sprague Dawley rats (male, 250±20 g) were obtained from the CAMS and Peking Union Medical College (PUMC) Health Science Center (Beijing, China) and kept under specific pathogen-free (SPF) condition for 1 week before the study, with free access to standard food and water. All studies in mice were performed according to guidelines approved by the ethics committee of the CAMS and PUMC. The ethics committee of the CAMS and PUMC approved this study.

Preparation and characterization of LPs
---------------------------------------

DSPE--PEG--cholic acid, phospholipid, and cholesterol were combined to form LPs. DOX·HCl was actively loaded into the preformed LPs using the ammonium sulfate gradient method. Subsequently, DSPE--PEG--cholic acid, phospholipid, and cholesterol were dissolved at high concentrations in ethanol, and the solutions were mixed with 250 mM aqueous ammonium sulfate at 50°C. The resulting multilamellar vesicles were stepwise extruded using a Lipex extruder (Northern Lipids, Inc., Burnaby, BC, Canada). The transmembrane ammonium sulfate gradient was generated by the removal of external ammonium sulfate and subsequent replacement in three dialysis steps against 0.9% NaCl solution. Empty LPs and DOX·HCl solution were mixed and incubated for 30 min at 60°C. DII and DIO were included as fluorescent probes and were prepared using an ethanol injection method. The DIO/DII-loaded LPs modified with cholic acid or unmodified (LPs-DIO/DII or CA-LPs-DIO/DII) were prepared using the ethanol injection method. The particle sizes, polydispersity indexes (PDIs), and zeta potential values of all LPs were measured using a Nano Series ZS Zeta sizer (Malvern Instruments Ltd., Worcestershire, UK).

In vitro release test
---------------------

To investigate the release of DOX·HCl from LPs, pure DOX·HCl, LPs-DOX·HCl, and CA-LPs-DOX·HCl were suspended in 1 mL aliquots of distilled water and placed in dialysis tubing (8,000--12,000 molecular weight cutoff; Greenbird Inc., Shanghai, China). Whole dialysis tubes containing CA-LPs-DOX·HCl, LPs-DOX·HCl, or DOX·HCl were then submerged in 50 mL of phosphate-buffered saline (PBS; pH 7.4) release media at 37°C and immediately shaken at a speed of 100 rpm. Subsequently, 1 mL aliquots of the release medium were sampled at 0.5 h, 1 h, 2 h, 4 h, 6 h, and 8 h and immediately replaced with equal volumes of fresh release medium. The DOX·HCl contents of the samples were determined by high-performance liquid chromatography (HPLC). Release rates (RRs) (%) were calculated using the following formula: RR = (*W*~i~/*W*~total~) × 100%, where *W*~i~ is the quantity of DOX·HCl in the release medium at the *i*th time point and *W*~total~ is the total quantity of DOX·HCl in equal volumes of corresponding LP suspensions. Experiments were performed in triplicate.

Stability studies in rat gastric fluid, intestinal fluid, or serum
------------------------------------------------------------------

The formulations were incubated in gastric fluid, intestinal fluid, or serum of mice for 2 h, 6 h, or 12 h, respectively. The encapsulation potencies before and after incubation in gastric fluid, intestinal fluid, or serum of mice were measured to investigate the stability of different formulations.

Transport of LPs across the Caco-2 cell monolayer
-------------------------------------------------

To investigate the influence of different DOX·HCl formulations on the adsorption properties of DOX·HCl, Caco-2 cells were used as an in vitro model of gastrointestinal epithelium. To evaluate the transport, various formulations of DOX·HCl were diluted with D-Hank's solution to a final concentration of 5 μg/mL DOX·HCl as the test solutions, including free DOX·HCl, LPs-DOX·HCl, and CA-LPs-DOX·HCl. A 1.5 mL volume of sample was taken from the BL side at 2 h. Sample aliquots of 500 μL were mixed with 500 μL of methanol, shaken for 1 min using a vortex mixer, and centrifuged at 8,000 rpm for 10 min. The supernatant was injected into the HPLC system for measuring DOX·HCl content. The apparent permeability coefficient (*P*~app~) was calculated according to the following equation: *P*~app~ = dQ/dt ×1/(AC~0~), where dQ/dt is the permeability rate, C~0~ is the initial concentration at the AP side, and A is the surface area of a monolayer.

The transepithelial electrical resistance (TEER) was determined using a Millicell-ER system (Millipore Corporation, Bedford, MA, USA) before and after membrane absorption. After membrane absorption, the cells were washed three times with D-Hank's solution, complete media was added for 2 h or 24 h, and the TEER was then determined; the cell toxicity of test drugs and regeneration of cell membrane were also investigated.

After transport across the Caco-2 cell monolayer, the cells were washed three times with cold PBS, trypsinized, washed three times with PBS again, and then suspended in 0.4 mL of PBS. The mean concentrations of DOX·HCl in the cells were measured by using flow cytometry (BD, Franklin Lakes, NJ, USA).

In vitro cellular uptake assays
-------------------------------

To investigate the in vitro cellular uptake of various formulations, HepG2 cells were seeded in six-well cell culture plates (Corning Incorporated, Corning, NY, USA), and on the following day, confluent cells were incubated with pure DOX·HCl, LPs-DOX·HCl, or CA-LPs-DOX·HCl (containing DOX·HCl at 5 μg/mL) in serum-free medium at 37°C for 2 h. After incubation, the cells were washed three times with cold PBS, trypsinized, washed three times with PBS again, and then suspended in 0.4 mL of PBS. The mean concentrations of DOX·HCl in the cells were measured by flow cytometry.

Prior to confocal microscope studies, HepG2 cells were seeded in petri dishes for 24 h and then washed with PBS. After incubation with pure DOX·HCl and CA-LPs-DOX·HCl at 37°C for 2 h, the cells were washed three times with PBS and fixed with fresh 4% paraformaldehyde for 10 min at room temperature. The cells were then counterstained with the nuclear stain Hoechst 33258 for 10 min. Blue fluorescence of Hoechst 33258 and red fluorescence of DOX·HCl were observed using a Zeiss LSM780 CLSM instrument (Zeiss Co., Oberkochen, Germany).

Endocytosis pathway activities at various temperatures
------------------------------------------------------

HepG2 cells were pretreated at various temperatures for 30 min and then incubated with CA-LPs for 2 h at the same temperatures. Cellular uptake of LPs was then measured as described earlier.

Endocytosis pathway activity using uptake inhibitors
----------------------------------------------------

HepG2 cells were pretreated with the inhibitors NaN~3~ (1 mg/mL), genistein (50 μg/mL), MβCD (10 mM), nystatin (50 μg/mL), chlorpromazine (10 μg/mL), and cholic acid (1 mg/mL) for 30 min. After removing the inhibitors, the cells were incubated with CA-LPs for 2 h, and the cellular uptake of LPs was determined as described in the "In vitro cellular uptake assays" section.

HepG2 cell uptake after transport across the Caco-2 cell monolayer
------------------------------------------------------------------

Caco-2 cells were seeded in the AP chamber of Transwell plates, and HepG2 cells were seeded in a glass-bottom culture dish. The AP chambers of the Transwell plates were placed on the glass-bottom culture dish. The cells in the AP chamber were washed three times with serum-free medium, and the Caco-2 cells were incubated with pure DOX·HCl or CA-LPs-DOX·HCl (containing DOX·HCl at 5 μg/mL) in serum-free medium at 37°C for 2 h. After incubation, the HepG2 cells in the glass-bottom culture dish were washed three times with PBS at 4°C, trypsinized, washed three times with PBS again, and then suspended in 0.4 mL of PBS. The mean concentrations of DOX·HCl in the cells were measured by flow cytometry.

FRET analysis
-------------

FRET analysis was performed as previously reported.[@b21-ijn-12-1673]--[@b23-ijn-12-1673] A FRET pair of hydrophobic dyes, DII as acceptor and DIO as donor, was physically loaded into the LPs. To verify the occurrence of FRET, fluorescence spectra of DIO and DII double-loaded LPs diluted in deionized water or acetone were measured using a fluorospectrophotometer (Techcomp Ltd., Hong Kong, China) with excitation at 488 nm and the emission scan from 500 nm to 600 nm. The FRET efficiency of the CA-LPs was calculated according to the following formula: FRET ratio = IR/(IG + IR), where IR and IG are the fluorescence intensities at 576 nm and 508 nm, respectively.

Caco-2 cells were seeded in the AP chamber of Transwell plates and in a glass-bottom culture dish, and the AP chamber of the Transwell plates were placed on the glass-bottom culture dish. The cells in the AP chamber were washed three times with serum-free medium, and the Caco-2 cells were incubated with the CA-LPs-DIO/DII and a physical mixture of CA-LPs-DIO and CA-LPs-DII in serum-free medium at 37°C for 2 h.

HepG2 cells were seeded in a glass-bottom culture dish, and the cells were washed three times with serum-free medium and then incubated with the CA-LPs-DIO/DII and a physical mixture of CA-LPs-DIO and CA-LPs-DII in serum-free medium at 37°C for 2 h.

After incubation, the Caco-2 cells in the glass-bottom culture dish and the AP chamber and the HepG2 cells were washed three times with PBS at 4°C, fixed with fresh 4% paraformaldehyde for 10 min at room temperature, and washed three times with PBS again, and then the FRET efficiencies were observed using a Zeiss LSM780 CLSM instrument.

Intestinal localization in an in situ perfused rat intestinal model
-------------------------------------------------------------------

Male Sprague Dawley rats were fasted for 12 h before the experiments and then anesthetized by intraperitoneal injection of urethane (2 g/kg). Midline incisions were then performed in the abdomen, and pylori were ligated using cotton threads. Subsequently, 1 mL aliquots of LPs-DIO/DII were injected into the jejunum and incubated for 1 h. Subsequently, 1 cm segments of the duodenum, jejunum, and ileum were excised from the intestines, washed several times with NaCl solution (0.9% w/v), and then frozen and sectioned for analysis by a DeltaVision microscope (DV Elite, Pittsburgh, PA, USA).

Statistical analysis
--------------------

Statistical analysis was performed using SPSS 17.0 statistical software. The data are presented as mean ± standard error (SE). The statistical significance of differences between experimental and control groups was determined using one-way analysis of variance (ANOVA). The level of statistical significance for all tests was set to *P*\<0.05.

Results
=======

Characterization of LPs
-----------------------

The CA-LPs-DIO/DII were spherical in shape and had particle sizes of 92.5±1.93 nm, PDI of 0.15±0.027, and zeta potentials of −7.44±1.33 mV. The CA-LPs-DOX·HCl were spherical in shape and had particle sizes of 95.94±3.09 nm, PDI of 0.254±0.0015, and zeta potentials of −9.40±1.20 mV. The transmission electron microscope images and dynamic light scattering (DLS) size distribution of LPs are shown in [Figure S1](#SD1-ijn-12-1673){ref-type="supplementary-material"}.

In vitro release test
---------------------

A sequence of decreasing RR is shown in [Figure 1](#f1-ijn-12-1673){ref-type="fig"}: DOX·HCl solution \> LPs-DOX·HCl \> CA-LPs-DOX·HCl. Moreover, CA-LPs-DOX·HCl exhibited the slowest release under the same conditions, followed by LPs-DOX·HCl, which suggested that the current CA-LPs have sustained-release properties.

Stability study in rat gastric fluid, intestinal fluid, or serum
----------------------------------------------------------------

[Figure 2](#f2-ijn-12-1673){ref-type="fig"} shows that the particle size of CA-LPs remained \<200 nm before and after incubation of LPs in rat gastric fluid, rat intestinal fluid, or rat serum for 2 h, 6 h, or 12 h, respectively, and that the encapsulation potency still exceeded 80% after their incubations; this demonstrated that the presence of DSPE--PEG--cholic acid prevented gastrointestinal enzyme destruction and protein adsorption in blood and enhanced the stability of the LPs. The longest incubation time in the following cell experiments was 2 h, and the low drug leakage during the tested period ensured that DOX·HCl was still mostly encapsulated in the LPs during the cell experiments.

Transport of LPs across Caco-2 cell monolayer
---------------------------------------------

As shown in [Figure 3A](#f3-ijn-12-1673){ref-type="fig"}, the TEER showed no obvious change after transport across the Caco-2 cell monolayer of different DOX·HCl preparations, which suggested that the transport process does not involve the paracellular route. As shown in [Figure 3B](#f3-ijn-12-1673){ref-type="fig"}, the order of DOX·HCl transport rates was CA-LPs-DOX·HCl \> LPs-DOX·HCl \> DOX·HCl solution. Compared with the *P*~app~ of the DOX·HCl solution, the *P*~app~ of LPs-DOX·HCl improved by 3.1-fold and that of CA-LPs-DOX·HCl improved by 9.5-fold. Compared with the retention of DOX·HCl solution, the retention in Caco-2 cells of LPs-DOX·HCl improved by 4.85-fold and CA-LPs-DOX·HCl improved by 6.65-fold ([Figure 3C and D](#f3-ijn-12-1673){ref-type="fig"}).

In vitro cellular uptake of formulations
----------------------------------------

Confocal microscopy images ([Figure 4A](#f4-ijn-12-1673){ref-type="fig"}) and intracellular uptake assays ([Figure 4B--E](#f4-ijn-12-1673){ref-type="fig"}) of HepG2 cells at 2 h after applying Hoechst 33258 to one of the three drug formulations demonstrated that CA-LPs-DOX·HCl provided superior drug delivery. Specifically, nuclear fluorescence was greater in the cells treated with CA-LPs-DOX·HCl than the other formulations. Similarly, cellular uptake was correspondingly improved in the flow cytometry experiments, with 1.80- and 6.80-fold higher uptake in the presence of LPs-DOX·HCl and CA-LPs-DOX·HCl, respectively, relative to that in the presence of pure DOX·HCl.

Endocytosis pathway activities at various temperatures or using uptake inhibitors
---------------------------------------------------------------------------------

Uptake of CA-LPs-DOX·HCl at 4°C and 22°C was significantly lower than at 37°C (*P*\<0.05). In the current experiments with uptake inhibitors, NaN~3~, MβCD, nystatin, and cholic acid all significantly inhibited the uptake of CA-LPs-DOX·HCl (*P*\<0.05); chlorpromazine had no obvious effect on cellular uptake of CA-LPs-DOX·HCl (*P*\>0.05; [Figure 4B--E](#f4-ijn-12-1673){ref-type="fig"}).

HepG2 cell uptake after transport across a Caco-2 cell monolayer
----------------------------------------------------------------

DOX·HCl was taken up by HepG2 cells after transport across a Caco-2 cell monolayer to simulate the process of drug transport through the gastrointestinal tract and liver uptake ([Figure 5A](#f5-ijn-12-1673){ref-type="fig"}). The results indicated that HepG2 cell uptake of CA-LPs-DOX·HCl was 12.08 times that of free DOX·HCl. The HepG2 cell uptake after transport across a Caco-2 cell monolayer was only 6.8 times that of free DOX·HCl ([Figure 5B and C](#f5-ijn-12-1673){ref-type="fig"}), which indicated that the amount of CA-LPs-DOX·HCl uptake by HepG2 cells increased greatly after transport across a Caco-2 cell monolayer.

FRET analysis
-------------

The FRET phenomenon of LPs is shown in [Figure 6A](#f6-ijn-12-1673){ref-type="fig"}. The LPs had an average diameter of \~95 nm as measured by DLS. When the LPs were dispersed in deionized water, a strong DII signal was observed (red curve in [Figure 6B](#f6-ijn-12-1673){ref-type="fig"}) due to the close proximity of DII and DIO in the LPs core, with a FRET DII/(DIO + DII) ratio of 0.64, where DII and DIO are the fluorescence intensities at 578.1 nm and 502.7 nm, respectively. After treatment of the LPs with acetone, the FRET phenomenon disappeared (green curve in [Figure 6B](#f6-ijn-12-1673){ref-type="fig"}) because DII and DIO were no longer closely retained, resulting in a FRET ratio of 0.078. The schematic diagram of device used for uptake by Caco-2 cells after transport across the Caco-2 monolayer is shown in [Figure 6C](#f6-ijn-12-1673){ref-type="fig"}.

After a 2 h transport of the FRET LPs at 37°C, the intracellular FRET ratio in the AP and BL sides still exceeded 0.3.[@b24-ijn-12-1673] After transport across Caco-2 cell monolayer with non-FRET LPs for 2h at 37°C, the intracellular FRET ratio in the AP and BL side remained \<0.1. The FRET ratio shows that the intracellular FRET phenomenon remained after the LPs were internalized and transported by cells for 2 h ([Figure 6D](#f6-ijn-12-1673){ref-type="fig"}), which confirmed the encapsulation of some lipophilic agents in the LPs after cellular uptake and transport.

After 2 h or 4 h uptake at 37°C with the FRET LPs, the intracellular FRET efficiencies of HepG2 cells were 44.52%±12.11% and 44.37%±7.29%, respectively. After 2 h or 4 h transport at 37°C of the non-FRET LPs, the intracellular FRET efficiencies of HepG2 cells were 9.37%±0.66% and 12.66%±3.60%, respectively. The FRET efficiencies show that the intracellular FRET phenomenon remained after CA-LPs were internalized by HepG2 cells for 2 h or 4 h ([Figure 6E](#f6-ijn-12-1673){ref-type="fig"}) confirming the encapsulation of some lipophilic agents in the CA-LPs after HepG2 cell uptake for 4 h.

Intestinal co-localization in an in situ perfused rat intestinal model
----------------------------------------------------------------------

Distributions of DIO/DII-loaded LPs were qualitatively observed in the duodenal, jejunal, and ileal villi of the small intestines of rats. The green and red fluorescence represent DIO (DIO/DII, LPs-DIO/DII, and CA-LPs-DIO/DII) and DII (DIO/DII, LPs-DIO/DII, and CA-LPs-DIO/DII), respectively. [Figure 7](#f7-ijn-12-1673){ref-type="fig"} shows the distributions of the preparations in the villi of the small intestine at 1 h after treatment. In these experiments, co-localization of DIO and DII is indicated by yellow staining of the villi. Following the administration of free DIO and DII, red fluorescence was distinctly separated from green fluorescence, which indicated that the free DIO and DII were not co-localized in the villi of the small intestines. In contrast, the administration of CA-LPs led to co-localization of the red and green fluorescence signals, which indicated efficient encapsulation of DIO and DII in the LPs with no leaks. Hence, CA-LPs-DIO/DII retained their structural integrity across the small intestine.

Discussion
==========

The CA-LPs were surface coated with the hydrophilic polymer PEG, which formed a hydrophilic barrier to prevent the accumulation of the LPs and to improve their physical stability; hence, the CA-LPs were characterized by slower release behavior.

The transit time of food in the body is as follows: 1--3 h in the stomach, 1.5--4.5 h in the intestine, or 12 h in blood circulation. Therefore, the incubation times in the rat gastric fluid, intestinal fluid, and serum were 2 h, 6 h, and 12 h, respectively.

The transport of DOX·HCl increased greatly after incorporation into LPs and CA-LPs, which demonstrated the positive transport enhancement effect of the LPs and cholic acid on hydrophobic molecules.

Nanoparticle drug carriers with particle sizes of \<200 nm are subject to clathrin-mediated internalization, whereas larger nanoparticle drug carriers are internalized by micro-capsule invagination of cytoplasmic membranes.[@b25-ijn-12-1673] Caveolae and vesicle membranes are coated with clathrin, form complexes with corresponding ligands, invaginate, separate from plasma membranes, and enter the cytoplasm as endosomes. Early endosomes then mature into late endosomes and subsequently merge with other endosomes to form lysosomes. Endocytosed substances are digested and degraded by lysosomal enzymes under conditions of low pH. In contrast, caveolae-mediated endocytosis can deliver carriers to caveoli under mild pH and enzyme conditions, which leads to subsequent transport in the endoplasmic reticulum, golgi apparatus, and cytoplasm and protection from the endosomal/lysosomal transport system.[@b26-ijn-12-1673],[@b27-ijn-12-1673]

Because particle endocytosis depends on temperature and energy,[@b28-ijn-12-1673],[@b29-ijn-12-1673] NaN~3~ can effectively block endocytosis by undermining cellular energy sources. In the current experiments with uptake inhibitors, the uptakes of CA-LPs-DOX·HCl at 4°C and 37°C in the presence of NaN~3~ were significantly lower than those in control cells (*P*\<0.05), which indicated that CA-LPs-DOX·HCl entered the cytoplasm via endocytosis.

In contrast with NaN~3~, MβCD is water soluble and forms complexes with cholesterol, which leads to cholesterol deficiencies in cytoplasmic membranes and structural impairments that abolish caveolae- and clathrin-mediated endocytosis. In the current experiments, MβCD significantly inhibited the uptake of CA-LPs-DOX·HCl, which indicated partial cell entry via caveolae- and clathrin-mediated endocytosis.

Nystatin also acts as a chelator of cholesterol from intact membrane rafts[@b30-ijn-12-1673]--[@b32-ijn-12-1673] and inhibits caveolae-mediated endocytosis but not clathrin-mediated endocytosis. In the current experiments, nystatin significantly inhibited the uptake of CA-LPs-DOX·HCl, which indicated partial cytoplasmic entry via caveolae.

Cholic acid competitively bound NTCP on HepG2 cells and significantly inhibited the uptake of CA-LPs-DOX·HCl, which indicated that CA-LPs-DOX·HCl are also uptaken via NTCP-mediated endocytosis pathway.

Chlorpromazine prevents clathrin-mediated endocytosis by disrupting the assembly of the clathrin adaptor proteins at the cell surface. Moreover, genistein reportedly inhibits the activity of protein complexes of protein kinase (PTK) and prevents r-phosphorylation of tyrosine residues. In this study, chlorpromazine had no obvious effects on cellular uptake of CA-LPs-DOX·HCl. Thus, the current uptake data show that caveolae- and clathrin-mediated endocytosis is the main cellular uptake pathway for CA-LPs-DOX·HCl. Accordingly, protection from endosomal and lysosomal transport systems by caveolae- and clathrin-mediated endocytosis enabled improved entry of DOX·HCl into nuclei, and thus, promised improved antitumor effects.[@b33-ijn-12-1673],[@b34-ijn-12-1673]

To ensure receptor and ligand binding and achieve an active targeting effect at the target site in orally administered receptor-mediated active targeting systems, the nanoparticles must maintain their integrity during absorption by the gastrointestinal tract to ensure that the contained drug does not leak before reaching the target site.

Through the energy transfer from an excited fluorophore (donor) to a nearby light-absorbing molecule (acceptor), FRET is dependent on the proximity of both fluorescent molecules, within a range of 1--10 nm of each other. The FRET technique was used in this study to monitor the state of the fluorescent probe loaded in the LPs inside of the cells.[@b35-ijn-12-1673]--[@b38-ijn-12-1673] DIO and DII were used in this study, because they are both lipophilic and easy to load into LPs and the emission spectrum of DIO overlapped the excitation spectrum of DII, which is necessary for FRET.

Caco-2 cells express the human sodium salt-dependent bile acid transporter (ASBT) receptor, which can ensure the bile acid-modified formulation specificity interaction with Caco-2 cells; therefore, Caco-2 cells are used as an in vitro cell model of gastrointestinal transport, and FRET technology is used to research the structure of LPs after transport across Caco-2 cells. Preparations of DIO and DII with different fluorescence were colocated after duodenal administration to investigate the intestinal absorption mechanism of CA-LPs.

HepG2 cells express NTCP receptors to enable a specific interaction between CA-LPs and HepG2 cells; therefore, HepG2 cells are used as an in vitro cell model of hepatic uptake, and FRET technology is used to study the structure of LPs after the uptake by HepG2 cells.

Conclusion
==========

In this study, we designed and constructed CA-LPs with good stability in rat gastrointestinal fluid and serum and sustained-release behavior. The CA-LPs demonstrated high transport efficiency across Caco-2 cells and cellular uptake by HepG2 cells. The cellular uptake process by HepG2 cells involved the caveolin-mediated endocytosis pathway and avoided lysosome internalization so that they could reach nuclei directly to kill tumor cells. FRET and confocal technologies were used to investigate the transport pathways and molecular mechanisms of CA-LPs, which confirmed that part of CA-LPs-DOX·HCl retained their structural integrity after transport across the Caco-2 monolayer and uptake by HepG2 cells. Therefore, we anticipate that the design of targeted LPs against the cholic acid receptor will provide new insights into anti-hepatoma therapy for oral administration of DOX·HCl.

Supplementary material
======================

###### 

The characterization of CA-LPs.

**Notes:** (**A**) The transmission electron microscope images; (**B**) the size distribution.

**Abbreviations:** CA-LPs, DSPE--PEG--cholic acid-modified LPs; DSPE, distearoyl phosphatidylethanolamine; LPs, nanoliposomes; PEG, polyethylene glycol.
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![Release of DOX·HCl from various formulations in PBS solution.\
**Abbreviations:** CA-LPs, DSPE--PEG--cholic acid-modified LPs; DOX, doxorubicin; DSPE, distearoyl phosphatidylethanolamine; HCl, hydrochloric acid; LPs, nanoli-posomes; PBS, phosphate-buffered saline; PEG, polyethylene glycol.](ijn-12-1673Fig1){#f1-ijn-12-1673}

![The variation in size and encapsulation potency.\
**Notes:** The variation in size before and after incubation in mice gastric fluid (**A**), mice intestinal fluid (**B**), or rat serum (**C**) for 2 h, 6 h, or 12 h, respectively (n=3). The variation in encapsulation potency before and after incubation in mice gastric fluid (**D**), mice intestinal fluid (**E**), or rat serum (**F**) for 2 h, 6 h, or 12 h, respectively (n=3).\
**Abbreviations:** CA-LPs, DSPE--PEG--cholic acid-modified LPs; DSPE, distearoyl phosphatidylethanolamine; DOX, doxorubicin; HCl, hydrochloric acid; LPs, nanoliposomes; PEG, polyethylene glycol.](ijn-12-1673Fig2){#f2-ijn-12-1673}

![Characteristics of the transepithelial transport across Caco-2 cell monolayers.\
**Notes:** (**A**) Changes in TEER value. (**B**) *P*~app~ values of different DOX·HCl preparations across the Caco-2 cell monolayer. (**C**) Flow cytometry graph. (**D**) Fluorescence intensities of different preparations in Caco-2 cell monolayer (n=3). \**P*\<0.05 versus DOX·HCl, ^\#^*P*\<0.05 versus LPs-DOX·HCl.\
**Abbreviations:** CA-LPs, DSPE--PEG--cholic acid-modified LPs; DOX, doxorubicin; DSPE, distearoyl phosphatidylethanolamine; HCl, hydrochloric acid; inc, LPs, nanoliposomes; *P*~app~, apparent permeability coefficient; PEG, polyethylene glycol; TEER, transepithelial electrical resistance.](ijn-12-1673Fig3){#f3-ijn-12-1673}

![Fluorescence microscopy micrographs of HepG2 cells treated with CA-LPs-DOX·HCl or pure DOX·HCl.\
**Notes:** (**A**) Nuclei were stained with Hoechst 33258 (blue), and DOX·HCl was identified by its own red fluorescence. (**B**) Flow cytometry graph of different formulations. (**C**) Fluorescence intensities of different formulations: \**P*\<0.05, CA-LPs-DOX·HCl versus DOX·HCl; ^\#^*P*\<0.05, CA-LPs-DOX·HCl versus LPs-DOX·HCl; (**D**) incubation temperatures: \**P*\<0.05 versus 4°C, ^\#^*P*\<0.05 versus 22°C; (**E**) uptake inhibitors: \**P*\<0.05 versus control.\
**Abbreviations:** CA, cholic acid; CA-LPs, DSPE--PEG--cholic acid-modified LPs; DOX, doxorubicin; DSPE, distearoyl phosphatidylethanolamine; HCl, hydrochloric acid; LPs, nanoliposomes; PEG, polyethylene glycol.](ijn-12-1673Fig4){#f4-ijn-12-1673}

![Uptake by HepG2 cells in BL side.\
**Notes:** (**A**) Illustration of uptake by HepG2 cells after transport across the Caco-2 cell monolayer. (**B**) Flow cytometry graph of uptake with pure DOX·HCl, CA-LPs-DOX·HCl, and the control. (**C**) Fluorescence intensity (n=3), \**P*\<0.05, CA-LPs-DOX·HCl versus pure DOX·HCl.\
**Abbreviations:** BL, basolateral; CA-LPs, DSPE--PEG--cholic acid-modified LPs; DOX, doxorubicin; DSPE, distearoyl phosphatidylethanolamine; HCl, hydrochloric acid; LPs, nanoliposomes; PEG, polyethylene glycol.](ijn-12-1673Fig5){#f5-ijn-12-1673}

![The FRET analysis results.\
**Notes:** (**A**) The process of FRET. (**B**) The emission wavelength upon scanning of CA-LPs-DIO/DII. (**C**) Illustration showing the device used for uptake by Caco-2 cells after transport across the Caco-2 monolayer. (**D**) The FRET efficiency of FRET LPs after transport across a Caco-2 cell monolayer. (**E**) FRET efficiency after uptake by HepG2 cells.\
**Abbreviations:** AP, apical; BL, basolateral; CA-LPs, DSPE--PEG--cholic acid-modified LPs; DII, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate; DIO, 3,3′-dioctadecyloxacarbocyanine perchlorate; DSPE, distearoyl phosphatidylethanolamine; FRET, fluorescence resonance energy transfer; LPs, nanoliposomes; PEG, polyethylene glycol.](ijn-12-1673Fig6){#f6-ijn-12-1673}

![Fluorescence localization of DII and DIO in the duodenum, jejunum, and ileum after incubation with DIO/DII, LPs-DIO/DII, or CA-LPs-DIO/DII for 1 h.\
**Notes:** Fluorescence images of DII and DIO are overlain. Green represents DIO, red represents DII, and yellow indicates co-localization. The magnification is 200×.\
**Abbreviations:** CA-LPs, DSPE--PEG--cholic acid-modified LPs; DII, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate; DIO, 3,3′-dioctade-cyloxacarbocyanine perchlorate; DSPE, distearoyl phosphatidylethanolamine; LPs, nanoliposomes; PEG, polyethylene glycol.](ijn-12-1673Fig7){#f7-ijn-12-1673}
